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ABSTRACT
The Be/X-ray transients V0332+53 and 4U 0115+63 exhibited giant, type-II outbursts in
2015. Here we present Swift/XRT follow-up observations at the end of those outbursts. Sur-
prisingly, the sources did not decay back to their known quiescent levels but stalled at a (slowly
decaying) meta-stable state with luminosities a factor ∼10 above that observed in quiescence.
The spectra in these states are considerably softer than the outburst spectra and appear to
soften in time when the luminosity decreases. The physical mechanism behind these meta-
stable states is unclear and they could be due to low-level accretion (either directly onto the
neutron stars or onto their magnetospheres) or due to cooling of the accretion-heated neutron
star crusts. Based on the spectra, the slowly decreasing luminosities, and the spectral soften-
ing, we favour the crust cooling hypothesis but we cannot exclude the accretion scenarios. On
top of this meta-stable state, weak accretion events were observed that occurred at periastron
passage and may thus be related to regular type-I outbursts.
Key words: accretion, accretion discs – binaries: close - pulsars: individual: V0332+53, 4U
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1 INTRODUCTION
In a Be/X-ray transient, a strong magnetic-field (B∼1012−14 G)
neutron star is accreting matter from a Be star (see Reig 2011,
for a review). Typically the orbit is very eccentric and matter is
accreted only during outburst episodes. Two types of outbursts
have been identified in those systems (e.g., Stella et al. 1986). The
so-called normal, type-I outbursts occur because the neutron star
passes through periastron and transits through the decretion disk of
the Be star, allowing it to accrete some of this matter (see, e.g., the
model of Okazaki & Negueruela 2001). Type-I outbursts typically
peak at an X-ray luminosity of LX∼1036−37 erg s−1. In addition,
some transients also exhibit very bright, giant type-II outbursts with
typical luminosities that are an order of magnitude higher than dur-
ing the type-I outbursts, reaching the Eddington limit for a neutron
star (LEdd∼2× 1038 erg s−1). Those outbursts can also last much
longer than an orbital period. What causes those type-II outbursts
is still not understood but one possibility is that a misaligned (with
the orbital plane) decretion disk exist around the Be star that be-
comes sufficiently warped and eccentric in time for the neutron star
to capture a large amount of matter near periastron passage (e.g.,
Okazaki et al. 2013; Martin et al. 2014).
Be/X-ray transients are intensively studied during their
outbursts, but little is known about their behaviour when
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LX<10
35−36 erg s−1. Some systems have been detected at levels
of LX∼1034−35 erg s−1 (e.g., Motch et al. 1991; Campana et al.
2002; Rutledge et al. 2007). This luminosity is likely caused by
low-level accretion onto the neutron star or onto its magneto-
sphere. Exactly how this occurs is not well understood and it could
strongly depend on the rotation period of the neutron star (and to
a lesser degree on its magnetic field strength). In systems with
a slow spin period (hundreds of seconds), direct accretion onto
the neutron star may still occur but faster spinning neutron stars
(spin periods of seconds) should instead be in the so-called pro-
peller regime. Matter can then no longer accrete onto the sur-
face, but might instead be propelled away by the rotating neutron
star magnetic field (e.g., Illarionov & Sunyaev 1975; Stella et al.
1986). Some accretion onto the surface might still be possible if
matter “leaks” through the magnetosphere due to some instability
(e.g., Elsner & Lamb 1977; Ikhsanov 2001; Romanova et al. 2004;
Lii et al. 2014).
Several Be/X-ray transients have been detected at very low
(quiescent) X-ray luminosities of LX∼1032−34 erg s−1 (e.g.,
Mereghetti et al. 1987; Roberts et al. 2001; Campana et al. 2002;
Reig et al. 2014). The origin of this faint emission is unclear. Pro-
posed mechanisms include very low-level accretion onto the neu-
tron star magnetic poles (strong evidence exist for this scenario for
A0535+26; e.g. Rothschild et al. 2013; Doroshenko et al. 2014), al-
though here it is also unclear how matter can leak through the mag-
netosphere at such low rates. It could also be due to emission from
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accretion onto the magnetosphere. Alternatively, the X-rays could
be due to emission from the neutron star surface that is cooling af-
ter being heated during the preceding outburst (e.g., Brown et al.
1998; Campana et al. 2002; Wijnands et al. 2013).
To investigate the low luminosity behaviour of Be/X-ray tran-
sients, we have been following some of these systems with Swift
after the end of their outbursts to study the transition into the pro-
peller regime (Tsygankov et al. 2016a, PI: Tsygankov), and to de-
termine if the neutron star crusts might be heated due to the ac-
cretion of matter and can be observed to cool, as is the case for
low-magnetic field neutron stars (PI: Wijnands). Here we report on
the first results of the latter study using our Swift observations of
V0332+53 and 4U 0115+63. Both sources have similar spin peri-
ods (4.4 and 3.6 s), orbital periods (33.8 and 24.3 days) and sur-
face magnetic field strengths (3 × 1012 and 1.3 × 1012 Gauss)
(see Raguzova & Popov 2005; Caballero-Garcia et al. 2015, for
additional background information on these two sources). Both
sources exhibited a giant, type-II outburst in 2015 (Nakajima et al.
2015a,b; Doroshenko et al. 2015a,b) and they are excellent candi-
dates for this study, because they are very faint in their quiescent
state (∼ 3 × 1032 and ∼ 6 × 1032 erg s−1; Campana et al. 2001;
Tsygankov et al. 2016b).
2 OBSERVATIONS, ANALYSIS AND RESULTS
The 2015 type-II outbursts of both sources were covered by the
Swift/BAT transient monitoring program (Krimm et al. 2013)1, and
densely monitored with Swift/XRT (see Figure 1). We extracted
the XRT light curves using the online XRT data products tool
(Evans et al. 2007, 2009),2 which is shown in Figure 1 (red). De-
tailed analysis of the decay phase is presented by Tsygankov et al.
(2016a), who focusses on the transition from the direct accretion
regime into the propeller state. This transition likely occurred when
the decay rate accelerated, causing the sources to decrease rapidly
in X-ray luminosity (Figure 1). However, the sources did not de-
cay all the way into quiescence but suddenly stalled at a luminosity
level a factor of ∼10 brighter than what has been observed previ-
ously in quiescence (Campana et al. 2002; Tsygankov et al. 2016b,
Figure 1). As can be seen from Figure 1, it is clear that both sources
stayed in this state for at least 1–2 months. Nevertheless, for both
sources the count rate is slowly decreasing in this time interval.
From Figure 1, it can also been seen that on top of this low lu-
minosity state, the sources exhibited rebrightening episodes during
which the count rate increased by a factor of a few (for V0332+53
around day 140) or even by approximately 2 orders of magni-
tude (around day 170 for V0332+53 and around day 50 for 4U
0115+63). All flares must have lasted .2 weeks. None of the flares
were seen in the BAT light curves. The 1-day sensitivity (for 15-
50 keV) of the BAT is 5.3 mCrab (∼7 × 10−11 erg cm−2 s−1;
Krimm et al. 2013), limiting the peak brightness of these episodes
to LX.4 × 1035 erg s−1 (assuming a distance of 7 kpc for both
sources). Those rebrightening events occurred at times of peri-
astron passage of the neutron star (based on the ephemerides of
Doroshenko et al. (2015b) and Raichur & Paul (2010); dotted lines
in Figure 1). Therefore, these are likely related to type-I outbursts,
albeit much fainter. Hence we call these rebrightening events “mini
type-I outbursts”. Figure 1 shows that the rebrightening episodes
1 http://swift.gsfc.nasa.gov/results/transients/
2 Available at http://www.swift.ac.uk/user objects/
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Figure 1. Swift light curves of V0332+53 (top) and 4U 0115+63 (bottom)
of the giant 2015 outbursts (BAT: black, 1-day bins; XRT: red, binned per
observation). Red dashed horizontal lines indicate quiescent detections with
XMM-Newton reported by Tsygankov et al. (2016b), which we converted
to XRT count rate equivalents using WEBPIMMS using the spectral parame-
ters given in that work. Vertical dotted lines indicate periastron passages.
did not significantly affect the underlying low luminosity state
(hereafter “the meta-stable state”): both sources were observable
at very similar count rates before and after these events.
The Swift/XRT was used in Photon Counting (PC) mode,
which provides a time resolution of 2.5 s. This is insufficient to
search for pulsations, since the pulse period of V0332+53 is 4.4 s
and 3.6 s for 4U 0115+63. Furthermore, the XRT count rates of
both sources are very low, inhibiting any sensitive search for pulsa-
tions even when the Window Timing (WT) mode would be used.
We investigated the spectral properties of the outburst decay,
meta-stable state, and flare episodes of both sources. To this end we
obtained Swift/XRT data from the HEASARC archive up to 2015
December (obsID 312930[31–52] for V0332+53 and 311720[31–
41] for 4U 0115+63). Typical exposure times were 1–4 ks per ob-
servation. The data were analysed with tools incorporated within
HEASOFT v. 6.16. After reprocessing the raw data with the XRT-
PIPELINE, we extracted source and background spectra using XS-
ELECT. Source counts were obtained from a circular region with a
radius of 15 pixels, and background counts from a surrounding an-
nulus with an inner-outer radius of 60–110 pixels. Exposuremaps
were used to create ancillary response files using XRTMKARF and
the latest response matrix files (v. 15) were used.
Due to the very low count rates detected during the meta-
stable state, we combined several subsequent observations to get
good enough statistics to fit the spectra (Figure 1 and Table 1).
Separate spectra could be extracted for the rebrigthening episodes.
The spectral data were fitted in the 0.5–10 keV energy range us-
c© 0000 RAS, MNRAS 000, 1–6
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Figure 2. Representative Swift/XRT spectra of V0332+53 (top) and 4U
0115+63 (bottom) fitted to a power-law model (rebinned for visual clarity).
ing XSPEC v. 12.8 (Arnaud 1996). Given the low number of counts
per spectrum (.150), we binned the spectra to a minimum of 1
count per bin (with GRPPHA) and used C-statistics. For each fit we
performed Monte Carlo simulations with the GOODNESS command
in XSPEC (using 104 realizations). The percentage of those simu-
lations having a larger C-statistic than the data is reported as the
“goodness” in Table 1.
We fitted the spectral data with two single component mod-
els: a power-law model (PEGPWRLW) and a black-body model
(BBODYRAD). In all fitting we included absorption by the inter-
stellar medium (TBABS) with abundances set to WILM and cross-
sections to VERN (Verner et al. 1996; Wilms et al. 2000). For the
column density we used the Galactic values: NH=7× 1021 cm−2
for V0332+53, and NH=9 × 1021 cm−2 for 4U 0115+63
(Kalberla et al. 2005). We adopted a distance of D=7 kpc for both
sources (see Negueruela et al. 1999; Negueruela & Okazaki 2001).
For the BBODYRAD fits, we left the emitting radius as a free param-
eter and determined the unabsorbed 0.5–10 keV flux by using the
CFLUX convolution model. In the PEGPWRLW model we set the en-
ergy boundaries to 0.5 and 10 keV, so that the model normalization
gives the unabsorbed flux in that band. The results of our spectral
analysis are given in Table 1. Representative spectra are shown in
Figure 2.
Both sources are detected at LX∼1033−34 erg s−1 during their
meta-stable states, whereas during the mini type-I outbursts the lu-
minosity is higher (LX∼1034−36 erg s−1). The PEGPWRLW fits
suggest that the spectra of the meta-stable state are softer than that
of the brightest mini type-I outbursts (Table 1). The spectra of the
meta-stable state can also be adequately described by a BBODYRAD
model with a temperature of kTbb∼0.5–0.7 keV. These fits suggest,
however, an emission radius that is smaller than the expected radius
of a neutron star (Rbb∼0.3–0.6 km; Table 1). This may indicate the
presence of hot spots that could correspond to the magnetic poles
of the neutron star. Due to the limited data quality, we cannot sta-
tistically prefer one of the models over the other.
In the meta-stable state (ignoring the rebrightening events)
the spectra seem to soften in time slightly for both sources, e.g.,
the photon indices increase from ∼1.2 to ∼2.8 for V0332+53 and
∼2.3 to ∼2.7 for 4U 0115+63. Similarly, the temperatures in the
Figure 3. Evolution of the black-body luminosity (top; 0.5-10 keV) and
black-body temperature (bottom) for V0332+53 during its meta-stable state.
black-body models decrease from ∼0.68 keV to ∼0.50 keV for
V0332+53 (see Figure 3) and from ∼0.66 keV to ∼0.54 keV in 4U
0115+63. We note that in the BBODYRAD model the emitting ra-
dius slightly varies and possible temperature changes may thus be
entangled with possible changes in the hotspot size.
3 DISCUSSION
We have presented the results of Swift/XRT monitoring observa-
tions of the Be/X-ray transients V0332+53 and 4U 0115+63, ob-
tained after the decay of their giant outbursts in 2015. Remarkably,
both sources did not directly decay into quiescence, but stalled at a
(slowly decaying) meta-stable plateau for >1–2 months that is ∼1
order of magnitude brighter than their known quiescent levels (see
Figure 1; Campana et al. 2001; Tsygankov et al. 2016b).
Both sources exhibited brief (<2 weeks) rebrightening
episodes during this meta-stable state coinciding with the neutron
star being closest to the Be star (periastron passages). These were
thus accretion events that are likely related to type-I outbursts albeit
with a lower peak luminosity (LX∼5× 1035 − 1036 erg s−1). An
event with very similar properties (i.e., outburst duration/fastness,
peak luminosity, spectral shape) was observed for 4U 0115+63 by
Campana et al. (2001). They proposed that such events are due to
accretion in the transition regime between direct neutron star accre-
tion in the bright outbursts (which have LX>1036 erg s−1) and the
magnetospheric accretion/propeller regime (LX<1034 erg s−1).
Campana et al. (2001) also found that in this transition regime,
only a small variation in the accretion rate could produce very large
luminosity fluctuations (∼2 versus >250, respectively). Therefore,
the mini type-I outbursts could only signify a small, temporarily in-
crease in the accretion rate down to the magnetosphere, just enough
to penetrate it and produce a short-lived, weak outburst. It is un-
clear how and where such a density enhancement may be created,
but the fact that they occur at periastron passage suggest that when
the neutron star passes close to the Be star, the matter density near
the neutron star passes the threshold for the system to enter this
transitional regime. Detailed modelling of this regime is necessary
to understand the physics behind these mini type-I outbursts.
Those small accretion events appeared not to alter the underly-
ing meta-stable states. Fitting the X-ray spectra to a simple power-
law or black-body model suggests that the final decay phases of the
giant outbursts and the mini type-I outbursts are spectrally harder
than the meta-stable state (Table 1). It is clear that those events are
c© 0000 RAS, MNRAS 000, 1–6
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Table 1. Results from our spectral analysis
ObsID Interval Γ FX LX goodness kTbb Rbb FX LX goodness
(erg cm−2 s−1) (erg s−1) % (keV) (km) (erg cm−2 s−1) (erg s−1) %
312930+ V0332+53
31–32 Decay 1.41±0.23 2.10±0.27 12.3±1.6 21.2 0.89±0.09 0.32±0.05 1.38±0.17 8.09±1.00 12.87
33–38 Interval I 1.17±0.33 1.06±0.26 6.21±1.53 38.47 0.68±0.09 0.31±0.06 0.45±0.07 2.64±0.41 29.70
40 Mini type-I 1.32±0.30 3.42±0..46 20.5±2.2 0.15 1.12±0.15 0.27±0.06 2.40±0.37 14.1±2.1 0.60
41–45 Interval II 2.60±0.94 0.57+0.38
−0.14
3.34+2.23
−0.82
60.46 0.47±0.13 0.51+0.26
−0.09
0.27±0.07 1.58±0.41 62.11
46 Mini type-I 0.08±0.10 170±12.0 997±40 12.31 2.19±0.19 0.63±0.03 136.5±11.1 800±65 8.16
47–52 Interval III 2.80±0.65 0.33±0.14 1.93±0.83 2.57 0.50±0.10 0.35+0.19
−0.08
0.17±0.04 1.00± 0.23 1.18
311720+ 4U 0115+63
31 Decay 1.66±0.25 4.32±0.55 25.3±3.3 39.22 0.90±0.10 0.46±0.05 3.00±0.43 17.6±2.5 39.13
32–35 Interval I 2.29±0.33 2.61±0.41 15.3±2.4 0.02 0.66±0.07 0.60±0.06 1.45±0.19 8.50±1.12 0.19
36 Mini type-I 0.32±0.08 85.9±4.6 504±27 0.87 1.84±0.10 0.58±0.02 67.3±4.0 395±23 0.58
37–41 Interval II 2.65±0.30 1.11±0.19 6.51±1.11 30.72 0.54±0.05 0.57±0.05 0.58±0.07 3.40±0.41 12.90
Notes. – NH was fixed to 7 × 1021 cm−2 for V0332+53 and 9 × 1021 cm−2 for 4U 0115+63. FX is the unabsorbed 0.5–10 keV flux in units of 10−12 erg
s−1 cm−2. LX is the corresponding luminosity in units of 1033 erg s−1 assuming a distance of 7 kpc for both sources. Errors represent 1σ confidence levels.
due to accretion onto the neutron star surface or its magnetosphere,
but the origin of the X-ray emission in the meta-stable state is more
uncertain. Here we consider three models explaining this state: di-
rect low level accretion onto the neutron star magnetic poles, accre-
tion down the magnetosphere, and cooling of an accretion heated
neutron star.
3.1 Accretion down to the magnetospheric boundary
In this scenario, the matter in the accretion flow is halted at the mag-
netospheric boundary (sometimes called magnetospheric accretion;
e.g., Corbet 1996; Campana et al. 2001) and no accretion onto the
neutron star takes place (i.e., the propeller regime). Campana et al.
(2002) calculated that the maximum bolometric luminosity emitted
by this process should be 0.3 − 3 × 1034 erg s−1 for V0332+53
and 0.6 − 6 × 1033 for 4U 0115+63 (scaled to 7 kpc; see also
Campana et al. 2001, for 4U 0115+63). Those luminosities are re-
markably close to what we observe in the meta-stable state, possi-
bly indicating that we could indeed be observing accretion down
to the magnetospheric boundary. However, Campana et al. (2001)
calculated bolometric luminosities and it is unclear how much of
the radiation will be emitted in the X-ray band we used here.
Although Campana et al. (2001) did not elaborate on what
kind of spectra one would expect for magnetospheric accretion,
they argued that spectral differences between magnetospheric ac-
cretion and direct accretion onto the neutron star are to be expected.
This conceivably could explain the difference between the spectra
we observe during the meta-stable state and the other states. How-
ever, if indeed the meta-stable X-ray spectra are black-body like
with a small emitting radius, this would strongly suggest it comes
from the neutron star magnetic poles and therefore discounting
magnetospheric accretion. Detecting relatively strong pulsations
would also argue against magnetospheric accretion as it is expected
to produce un-pulsed X-ray emission (Campana et al. 2001).
3.2 Direct accretion onto the neutron star magnetic poles
In the direct accretion scenario, it is expected that when matter falls
onto the neutron star it is channeled by the magnetic field to its
magnetic poles, producing hot spots. This could conceivably pro-
duce spectra that are softer than those observed when the sources
are accreting at higher rates. However, it remains to be established
whether the difference in spectra between the meta-stable state and
the very faint mini type-I outburst in V0332+53 can be explained
with only a factor of a few change in accretion rate; There are no
calculations of the X-ray spectra expected from direct accretion of
matter onto the neutron star magnetic poles at very low levels.
Moreover, an important unresolved problem in the direct ac-
cretion scenario is how the matter eventually reaches the neutron
star surface since the magnetic field would inhibit direct accretion
when the accretion rate is very low (i.e., the propeller regime; see
e.g., Illarionov & Sunyaev 1975; Stella et al. 1986). However, the
detection of pulsations (at ∼103 s) in A0535+26 at very low lu-
minosities (LX∼1033 − 1034 erg s−1; indicating that the source
was in the propeller regime despite its low spin period) in combi-
nation with clear accretion signatures (e.g., strong aperiodic vari-
ability in the light curve, detection of the source up to 100 keV;
Orlandini et al. 2004; Mukherjee & Paul 2005; Rothschild et al.
2013; Doroshenko et al. 2014) demonstrated that direct accretion
is possible in the propeller regime. Pulsations at similarly low lu-
minosities have been seen in other systems too (see Table 2 of
Reig et al. 2014), but we argue in Section 3.3 that the presence of
pulsations in itself does not exclude thermal emission from the neu-
tron star surface due to cooling emission (i.e., not accretion) as the
origin of the X-ray emission.
3.3 Cooling of an accretion-heated neutron star
The last scenario we consider is the one in which the neutron star
crust is significantly heated during the bright type-II outbursts and
cools once accretion has halted, until it re-establishes thermal equi-
librium with the core. The same scenario has been proposed to
explain the cooling curves observed in X-ray binaries containing
low magnetic field (B.108 G) neutron stars. For such systems, the
neutron star crust is expected to be heated during accretion out-
bursts because it is compressed by the matter accreting on its sur-
face, causing a variety of nuclear reactions (mainly pycnonuclear
fusion) that occur deep in the crust (e.g., Haensel & Zdunik 1990,
2008): the “deep crustal heating model” (Brown et al. 1998).
The magnetic field in these accreting neutron stars is expected
to play no role and the whole crust is expected to be heated uni-
formly. This may not be true for the high magnetic field neu-
tron stars discussed here. During the bright outbursts, the matter
is preferable accreted at the magnetic poles. In first principles the
matter is expected to spread out over the rest of the surface very
quickly, causing an uniform compression of the whole crust and
thus that a uniform heating from pycnonuclear reactions. However,
if it is possible to confine the accreted matter to the poles without it
spreading over the surface, then only the crust at the poles is com-
c© 0000 RAS, MNRAS 000, 1–6
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pressed. Eventually, the matter has to spread out uniformly, but it
is unclear how this would happen and if it would effect the crust
heating. Plausibly, the poles are then preferably heated above the
remainder of the crust, producing hot spots at the magnetic poles.
Even if the heating in the crust is uniform3, it is possible that
the magnetic field is not radial in the crust but has formed a dif-
ferent configuration (e.g., due to the accretion of matter in past
outbursts). If it is possible to produce radial magnetic field lines
at the magnetic poles yet have the lines parallel to the surface in
the rest of the crust, then this would affect the heat transport prop-
erties considerably (e.g., Geppert et al. 2006; Geppert & Vigano`
2014). If the field lines are above the depth where heat is released,
the heat can only propagate upwards to the surface at the magnetic
poles. These will then be very warm compared to the rest of the
crust and may hence cause pulsed X-ray emission. For complete-
ness, we note that a significant amount of relevant research (e.g.
Pe´rez-Azorı´n et al. 2006) has been performed on anisotropic ther-
mal emission from cooling isolated neutron stars (including mag-
netars; see the reviews of Potekhin et al. 2015a,b, and references
therein).
In the cooling hypothesis, it is expected that the crust cools
gradually until it regains thermal equilibrium with the core. This
should be observable as a steadily decreasing temperature that
causes the luminosity to slowly decay. This is exactly what we ob-
serve for both sources and therefore we prefer the cooling scenario
above the other two models discussed to explain the meta-stable
state (although we note that detailed modelling of direct and mag-
netospheric accretion has to be performed to conclusively exclude
those models). The exact time scale for this is unclear. In the low-
magnetic field neutron stars, the crust cooling time scale ranges
from months to decades (e.g., Cackett et al. 2013b; Degenaar et al.
2015), but it is unclear how a strong magnetic field will affect
this. Further monitoring observations with Swift/XRT are planned
as well as an XMM-Newton observation for 4U 0115+63 to obtain
better spectra and to search for pulsations.
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